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We present results from light scattering experiments on three insulating antiferromagnetic
cuprates, YBa2Cu3O6.05, Bi2Sr2YCu2O8+δ, and La2CuO4 as a function of polarization and excita-
tion energy using samples of the latest generation. From the raw data we derive symmetry-resolved
spectra. The spectral shape in B1g symmetry is found to be nearly universal and independent of
the excitation energy. The spectra agree quantitatively with predictions by field theory [1] facili-
tating the precise extraction of the Heisenberg coupling J . In addition, the asymmetric line shape
on the high-energy side is found to be related to amplitude fluctuations of the magnetization. In
La2CuO4 alone minor contributions from resonance effects may be identified. The spectra in the
other symmetries are not universal. The variations may be traced back to weak resonance effects
and extrinsic contributions. For all three compounds we find support for the existence of chiral exci-
tations appearing as a continuum in A2g symmetry having an onset slightly below 3J . In La2CuO4
an additional isolated excitation appears on top of the A2g continuum.
PACS numbers: 74.20.Mn, 74.70.Xa, 74.25.nd
I. INTRODUCTION
If a continuous symmetry is spontaneously broken the
order parameter can fluctuate about either its average di-
rection or magnitude. The changes in direction are usu-
ally mass-less (Nambu-Goldstone mode) and decoupled
from the amplitude fluctuations (Higgs mode) having a
finite energy. The Higgs fluctuations play a crucial role
in a variety of interacting systems2,3 including the stan-
dard model in high-energy physics4, Bose condensates5,
super-fluidity and -conductivity6–8 and magnetism9. The
discussion picked up new momentum after the discovery
of the cuprates and the iron-based compounds for the pu-
tative interrelation of magnetic and other types of fluctu-
ations and superconductivity3,10–19 since, at least in the
cuprates, magnetic fluctuations can be observed in large
regions if not in the entire phase diagram20.
In magnetic systems, the order in the ground state,
the exchange energies Ji, the excitation spectra or
fluctuations of the phase or the amplitude of the
magnetization2,21 are still a matter of debate both from
an experimental and a theoretical point of view. While
neutron and Raman scattering experiments on insulating
antiferromagnetic cuprates22–24 can be described qual-
itatively in terms of spin-wave theory in a Heisenberg
model25–30 with only nearest neighbor exchange cou-
pling J1, the role of multi-magnon and cyclic spin excita-
tions or amplitude fluctuations are not well understood
yet2,26,31,32.
Recently, a field theoretical approach successfully de-
scribed the line shape of the two-magnon Raman spec-
tra in B1g symmetry considering perturbation theory up
to infinite order and amplitude fluctuations of the order
parameter. For La2CuO4 (La214) and YBa2Cu3O6.05
(Y123) the line shapes can be well reproduced using
slightly different masses for the Higgs modes1. Similar
agreement was found for iridates33 suggesting the re-
sponse in B1g symmetry to be universal. Yet resonance
effects and extrinsic contributions such as luminescence
were found to have a substantial influence on the line
shape34–39 and need to be considered upon properly in-
terpreting the response.
Resonance effects of the Raman response of the si-
multaneous excitation of two magnons at Ωq and Ω−q,
where Ωq is the magnon dispersion, were studied theoret-
ically by several authors. Shastry and Shraiman26 used
the one-band Hubbard model as a starting point and
described the usual resonances when either the energy
of the incident or scattered photon, ωI,S , corresponds
to a real transition between the lower and the upper
Hubbard band. Chubukov and coworkers29,40,41 realized
that there exists a triple resonance for the parameters of
the cuprates when ωI , ωS , and ωI − Ωq simultaneously
match transitions between the valence and the conduc-
tion band. In this case the two-magnon maximum in the
Raman spectrum slightly below 3 J has a resonance en-
ergy different from 2 max(Ωq) at 4J . As a consequence
the line shape depends on ωI . Brenig et al.
42 derived the
cross section from the more realistic three-band Hubbard
model. Zhang and Rice43 have shown that the two mod-
els are equivalent to some extent if the large Hubbard
U of 5-10 eV, being relevant for the cuprates, is replaced
by an effective energy ∆E close to the charge transfer
energy between copper and oxygen |εd− εp| in the range
of 2 eV which corresponds to the optical gap.
In this publication we present results of light scat-
tering experiments on three different cuprate families,
La214, Y123 and Bi2Sr2YCu2O8+δ (Bi2212:Y). In ad-
dition to the so far published symmetry-resolved re-
sponse for Gd214 and La21431,39 we derive and com-
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2pare symmetry-resolved spectra for the three compound
classes La214, Y123, and Bi2212:Y and use various laser
energies in the range 2.16 and 2.71 eV for excitation so
as to separate the intrinsic non-resonant line shape from
a putative influence of resonant light scattering and ex-
trinsic contributions. Below three times the magnetic
exchange energy J the spectra are essentially universal
in that the response χ′′(Ω) depends only on J . Above the
two-magnon maximum there may be non-universal con-
tributions which are explained in terms of a Higgs mode
and minor contributions from resonant light scattering
and luminescence.
II. EXPERIMENT
Y123 was prepared in BaZrO3 crucibles
44 demon-
strated to yield the highest purity45. To obtain the best
crystal quality and the lowest possible oxygen content of
approximately 6.05 the as-grown material was annealed
in Ar at 900 C for one day in a tube furnace with the sin-
gle crystal buried in sintered Y123 and then slowly cooled
to room temperature during another day. Bi2212:Y was
grown in Y-stabilized ZrO2 crucibles
46 and La214 was
prepared using the traveling solvent floating zone (TSFZ)
method. The as-grown crystals had a Ne´el temperature
TN of 280 K. After annealing the crystal in Ar, TN in-
creased to 325 K [39] which has not been exceeded so
far47,48. Given these facts it is likely that no better sam-
ples of Y123 and La214 can be obtained to date. There
are only very few reports on the successful preparation of
Bi2212:Y, and we do not have data for comparison but
the results shown below indicate that these crystals are
in the same quality class as Y123 and La214.
For the measurements on Y123 and Bi2212:Y we used
as-grown and freshly cleaved surfaces, respectively. The
surface for the experiments on La214 was polished so
as to obtain sufficiently large areas of approximately
2× 2 mm2. In order to test the surface quality after pol-
ishing we cleaved a small piece. The results obtained
from the cleaved surface and the polished surface are
close to identical. In particular all features appear in
the same positions as shown in Fig. 4 in Appendix A.
The samples were mounted on the cold finger of a He-
flow cryostat in a cryogenically pumped vacuum. The
experiments were performed with a calibrated light scat-
tering setup39,49 with the resolution set at 20 cm−1 at
458 nm. For excitation an Ar ion laser (Coherent, In-
nova 304C) was used emitting at 528, 514.5, 496.5, 488,
476 or 458 nm. For one experiment on La214 we used
a solid state laser (Coherent, Genesis MXSLM) emit-
ting at 575 nm. The laser-induced heating was deter-
mined experimentally to be close to 1 K per mW ab-
sorbed power. Spectra were measured in the six po-
larization configurations xx, xy, x′x′, x′y′, RR, and
RL, where x′ = 1/
√
2(x + y), y′ = 1/
√
2(y − x), and
R,L = 1/
√
2(x ± iy), allowing one to extract all in-
plane symmetry components, µ = A1g, A2g, B1g, and
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FIG. 1. Symmetry resolved Raman response Rχ′′µ(Ω, T ) of
CuO2 compounds as indicated. The spectra are the result
of linear combinations of in total six spectra as described in
Appendix B.
B2g, of the tetragonal D4h space group by linear com-
binations of the experimental spectra. For the polar-
ization and symmetry assignment we use the idealized
quadratic CuO2 plane. The spectra we show below rep-
resent the response Rχ′′(Ω, T ) as a function of the Ra-
man shift Ω and the temperature T that is obtained
by dividing the cross section by the Bose-Einstein fac-
tor {1 + n(T,Ω)} = [1 − exp(−~Ω/kBT )]−1. R is an
experimental constant.
III. RESULTS
The raw data of La214 measured at all six main polar-
ization combinations are displayed in Fig. 5 in Appendix
B. In Fig. 1 we show the spectra of Y123, Bi2212:Y and
La214 for all four pure symmetries Raman-active for light
polarizations in the CuO2 plane.
The spectra in B1g symmetry have the highest inten-
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FIG. 2. Raman response Rχ′′(Ω, T ) in x′y′ polarization
(B1g + A2g symmetry) as a function of excitation energy for
Y123, Bi2212:Y and La214. (a)-(c) Raw data. (d)-(f) The
spectra are multiplied by factors as indicated so as to match
the peak intensities.
sity in the range 2000 to 4000 cm−1. The peak maxima of
Y123, Bi2212:Y, and La214 are observed to be at 2735,
2890, and 3300 cm−1 (339.3, 358.6, and 409.4 meV), re-
spectively. At low energies the continuum is superposed
by narrow lines from phonons which are not of inter-
est here and were therefore measured with an energy-
dependent resolution in the range 10 − 20 cm−1 and a
step width of 50 cm−1. Below the maximum the spectra
depend strongly on energy. The variation proportional
to Ω3 predicted theoretically for low energies1,2 cannot
directly be observed because of the contributions from
phonons and particle-hole excitations which cannot reli-
ably be subtracted. Above the maximum the intensity
decays approximately as expected for a Lorentzian oscil-
lator except for the range around 4000 cm−1 making the
peak rather asymmetric. At high energies the intensity
becomes very small. Whereas Y123 and Bi2212:Y are
similar it is clear at first glance that La214 is different
in that a secondary maximum appears above the main
peak.
Differences between La214 and the other compounds
are also present in the other symmetries. In all materials
there is a broad maximum between 3000 and 4000 cm−1
in A1g symmetry, slightly above the position of the B1g
peak. In La214 alone there is another broad feature hav-
ing two substructures between 5000 and 7000 cm−1 which
is stronger than the first one. In Bi2212:Y and Y123 there
are just weak shoulders in this energy range. In Y123 this
shoulder is barely visible. No qualitative differences be-
tween the compounds are found in B2g symmetry. In
the range of the B1g peak the B2g spectra differ only
quantitatively.
In A2g symmetry there are two remarkable observa-
tions: (i) In La214 there is a well resolved peak at
4600 cm−1, slightly above that in B1g symmetry, which
is completely absent in the other compounds. (ii) In
all compounds the intensity vanishes to within the ex-
perimental resolution for energies below approximately
3000 cm−1 close to the B1g maximum. The onset above
this energy is well defined and nearly abrupt being rem-
iniscent of gap-like behavior for low energies. As studied
in detail for La214 [Fig. 6 (b)], the onset is independent
of the excitation energy indicating an intrinsic scattering
process.
Since the high-energy parts of the B1g spectra are not
universal both close to the maximum and at high ener-
gies, the origin of the differences needs to be explored
before the line shape will be analyzed. To this end exci-
tation with various laser lines is useful. In Fig. 2 (a)-(c)
we show the raw data of the x′y′ spectra (B1g +A2g) for
all the compounds using green and blue excitation. The
spectra taken with green excitation end already slightly
above 5000 cm−1 Raman shift because the range of the
spectrometer is limited to 725 nm. In Y123 and Bi2212:Y
the scattering cross sections are slightly stronger with
blue excitation. In La214 the spectra measured with
green light are more intense, and the phonons in the
range up to 1500 cm−1 resonate strongly.
For better comparison constant multiplication factors
are applied so as to match the peak intensities [Fig. 2 (d)-
(f)]. Obviously the line shape is identical to within the
experimental accuracy (statistical error and calibration)
for Y123 and Bi2212:Y. For La214 the small extra peak
at 4600 cm−1 is weaker with green excitation. As a con-
sequence it moves closer to the main peak. For better
insight we looked at this variation using six different
lines as shown in Fig. 7 of Appendix D. The relative
intensity of the extra peak at 4600 cm−1 decreases rather
rapidly upon changing the laser line from 488 to 496 nm
[Fig. 7 (b)].
IV. DISCUSSION
Qualitatively speaking the peak in B1g symmetry
comes from a double spin-flip on two neighboring Cu
atoms24,25. However, the resulting line shape is a mat-
ter of debate as outlined in the introduction. Here we
address the question as to whether the line shape is uni-
versal or has universal components. There are obvious
differences between La214 and the two other materials.
To be more quantitative we plot the B1g spectra of Fig. 1
on a normalized energy scale.
Fig. 3 shows a superposition of the spectra of Y123,
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FIG. 3. B1g spectra of YBa2Cu3O6.05 (black), La2CuO4
(green), and Bi2Sr2YCu2O8+δ (red). The spectra are repro-
duced from Fig. 1 with the intensities scaled as indicated.
The energy axis is given in units of the exchange coupling
J . The normalized position of the peak maxima matches the
theoretically predicted energy of 2.84 J [1].
La214, and Bi2212:Y. Both the intensity and the en-
ergy scales are normalized. The spectra of Y123 and
La214 are multiplied by factors of 1.11 and 2.27, respec-
tively, to match the peak intensity of Bi2212:Y. The en-
ergies are divided by appropriate factors to collapse the
peak positions on the canonical value of 2.84 J derived
recently (There is a typo in the paper by Weidinger and
Zwerger.)1. From the peak positions alone one obtains
119, 144, and 126 meV, respectively, for J . For Y123 and
La214 the full theoretical analysis including the Higgs
mode yields 126 and 149 meV fairly close to the values of
120 and 143 meV found by neutron scattering50,51.
Close to the maximum between 2.5 and 3.2 J the line
shapes of the peaks are rather similar. At low energies
the lines of Y123 and La214 coincide down to 2.3J . Be-
low 2.3 J La214 has a higher intensity from resonantly
enhanced phonon contributions. Above 3.2 J La214 ex-
hibits a secondary maximum whereas Y123 has only an
almost linear tail before the intensity saturates at a value
lower than that in all other materials. The two-magnon
maximum of Bi2212:Y is generally wider than those of
La214 and Y123. The substantially off-stoichiometric
composition of Bi2212:Y suggests that the line is in-
homogeneously broadened, i.e. the larger width is ex-
trinsic. The most dramatic differences are found above
4.4 J where the saturation values of the intensities dif-
fer by more than a factor of three. We do not believe
that this part of the spectra results from differences in
the spin excitations. Rather, contributions from lumines-
cence should be considered a possible (extrinsic) origin.
Concerning the overall intrinsic line shape a satisfac-
tory description was achieved only recently using field-
theoretic methods1 after various studies on the basis of
spin-wave theory27,28,30,52. The progress became possi-
ble through the inclusion of multi-magnon processes and
amplitude (“Higgs”) fluctuations of the staggered magne-
tization on equal footing up to infinite order as suggested
first by Podolsky and coworkers2. As a result the vari-
ation of the low-energy response, the nearly Lorentzian
variation above the peak and the shoulder between 3.2
and 4.4J in Y123 and Bi2212:Y found an almost quanti-
tative explanation. In addition, the differences to La214
can be traced back to a variation of the coupling con-
stant (“Higgs mass”)of the anplitude mode. The detailed
comparison between theory and experiment is shown in
Ref. [1].
The line shape can be explained very well for the La214
data taken with blue excitation by including amplitude
(“Higgs”) fluctuations of the magentization (see Ref. 1).
With green excitation the secondary maximum is weaker
and completely absent for red photons48. The depen-
dence of the high-energy peak on the excitation line is not
easily explained in terms of amplitude fluctuations since
the spins and the amplitude fluctuations are excited via
the same intermediate electronic states. Alternatively,
the secondary maximum could originate in other types
of spin excitations, for instance chiral or multi-magnon
excitations that could couple to high-energy electronic
states different from those coupling to the double spin-
flip excitations. The intensity in A2g symmetry which has
a well defined peak in La214 at a (nearly) constant Ra-
man shift displaying the same resonance behavior as the
two-magnon excitation in B1g symmetry (see Appendix
C) argues for the existence of chiral excitations in addi-
tion to double spin flip scattering rather than an inde-
pendent type of scattering. However, the interrelation of
the B1g and A2g spectra is not yet clear. First, the simi-
larity of the excitation energies close to 4600 cm−1 ∼ 4 J
in both symmetries may be accidental but remains to
be explained. Second, since intensity from chiral excita-
tions according to the operator Cˆ = Si · (Sj ×Sk) should
not appear in first order53,54 the cross section should be
smaller than in all other symmetries.
No effects similar to those in La214 are observed in
Y123 and Bi2212:Y, where the line shapes were found to
be independent to within the experimental accuracy for
excitation in the blue and green spectral range. For ex-
citation outside and probably also inside this range vari-
ations were found earlier38 but it is difficult to compare
those data to our results on a quantitative basis. Hence,
a final experimental answer can still not be given and
requires more work on samples of the latest generation.
The theoretical studies proposed by Chubukov,
Frenkel, and Morr29,40,41 qualitatively explain changes of
the B1g line shape but make also predictions for the other
symmetries which we cannot confirm here: As opposed
to the prediction the experimental A1g and B2g spectra
of LCO resonate towards the green-yellow spectral range
as shown in detail in Fig. 6 whereas the two-magnon peak
is strongest for 496 nm.
Line shapes of the two-magnon spectra similar to
those found for the cuprates in B1g symmetry were also
observed in equivalent symmetry projections in some
5iridates33 suggesting a universal behavior. However, the
spectra in the other symmetries and in metallic materials
such as doped cuprates or Fe-based compounds remain
widely unexplained and cannot be treated in the same
fashion as the B1g spectra of insulating CuO2 using field
theory where convergence is granted by the B1g form fac-
tor ∝ k2x−k2y. For addressing subjects such as resonances
and the symmetry dependence, only numerical methods
are currently available55–57.
V. CONCLUSIONS
We have measured high-energy spectra of three differ-
ent cuprates at all main polarization configurations using
at least two different excitation lines and, in addition to
earlier work, derived all pure symmetries, A1g, A2g, B1g,
and B2g. In B1g symmetry, the spectral shapes close to
the two-magnon maximum are universal. If Higgs fluc-
tuations of the magnetization are included all three com-
pounds can be described consistently1. However, since
the spectral shape of La214 changes slightly with the pho-
ton energy additional contributions to the cross section
may also exist including the triple resonance29,40,41 or
multi-magnon or chiral spin excitations26,27,32. In spite
of these open issues the B1g spectra of the cuprates can
be considered understood by now including the numeri-
cal value of J which agrees with the neutron results to
within a few percent. Yet, the other symmetries which
display high intensities as well are still far from being
understood, in particular the role of chiral excitation re-
mains elusive and cannot be treated with field-theoretical
methods.
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Appendix A: Surface treatment
The surface preparation is crucial only for La214 since
natural surfaces can be used in the cases of Y123 and
Bi2212:Y. For La214 polishing and cleaving are possi-
ble treatments39. However, polishing may result in dam-
age and a severe influence on the spectra. On the other
hand, a sufficiently large area is necessary for quanti-
tative measurements and can only be obtained by pol-
ishing in the case of La214. For making sure that only
intrinsic properties are observed we compared the results
from the polished surface with those from a cleaved one
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FIG. 4. Influence of the surface treatment in La214. There
is a small intensity difference between the polished and the
cleaved surface of the B1g spectra. All structures appear at
the same position for both surfaces. The increase towards
high energies for the cleaved sample has its origin in edge
effects due to the small area available.
which are usually reliable. However, La214 has no cleav-
age plane, and the flat areas necessary for maintaining
the proper angle of incidence across the laser spot and
avoiding wavelength dependent diffraction effects of the
scattered photons.
When properly polished the differences between the
two types of surfaces are small as shown in Fig. 4. The in-
tensity in the maximum is slightly higher for the cleaved
surface. The positions of the main peak and the sec-
ondary maximum at 4600 cm−1 are nearly identical and
the relative spectral weights as well. There is a strong
increase of the intensity towards high energies for the
cleaved surface. It is clear, however, that this increase is
not intrinsic. Rather, the irregular shape of the surface
and the relatively small flat part lead to various extrin-
sic contributions. For instance, both the incoming and
the scattered photons are diffracted on edges close to the
spot. In addition, since the surface close to the spot is
not exactly flat, the angle of incidence varies across the
spot. Therefore the light inside the bulk does not have a
well defined polarization in cases other than x or y. This
complication completely hinders a symmetry analysis -
apart from the other problems.
Appendix B: Raw data
In Fig. 5 (a) we show the raw data of La2CuO4 as mea-
sured at the six main polarization configurations xx, xy,
x′, x′, x′, y′, RR, and RL (in Porto notation). Each con-
figuration contains two symmetries such as A1g+B1g and
A2g +B2g for xx and xy, respectively, hence the sum of
two having the same incident and two orthogonal scatter-
ing polarizations comprises always the full set of in-plane
symmetries. Therefore, one can check the consistency of
the experiments as shown in Fig. 5 (b). With small cor-
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FIG. 5. Raman spectra of La2CuO4 at the six main polariza-
tion configurations (raw data after division by the Bose fac-
tor). (a) All spectra comprise two symmetries. (b) Each sum
of two spectra with the same incident and orthogonal out-
going polarizations contains all four (in-plane) symmetries.
Hence, the spectra shown should be equal. The discrepancies
above 5000 cm−1 indicate extrinsic problems.
rections, which result from insufficient adjustment of the
absorbed laser power, the agreement in the energy range
up to 5000 cm−1 is within the statistical error. Above
5000 cm−1 there are discrepancies between spectra with
the incident polarization along x′ and the other two sets.
The agreement is better for Y123 and Bi2212, and the ori-
gin of these discrepancies is hard to pin down. Polariza-
tion dependent contributions from luminescence but also
accumulating surface layers are possible explanations. In
this range the derived spectra cannot be considered quan-
titative. In addition, polarization-independent contribu-
tions from luminescence are very like to occur in systems
with defects in the crystal structure where charges can
be trapped58.
Appendix C: Symmetry dependence of the
resonances
For La214 we measured all pure symmetries for three
different excitations lines at ~ωI = 2.41, 2.50, and 2.71 eV
(514.5, 496.5, and 457.9 nm) as shown in Fig. 6. The
first symmetry analysis was performed for Gd214 using
the line at 488 nm alone.31 Except for details, partially
coming from the lower temperatures here, but also from
variations across the samples the results in Ref. 31 are
close to our results measured with 496 nm excitation.
FIG. 6. Symmetry-resolved Raman spectra of La2CuO4 at
100 K and excitation energies as indicated. (b) and (c) The
highest intensity of the A2g and B1g spectra is observed for
~ωI = 2.5 eV (496 nm). (a) and (d) In A1g and B2g symme-
try the overall intensity increases monotonously towards low
excitations energies, and the shape changes qualitatively. (b)
The onset of the A2g intensity at 3000 cm
−1 (dashed vertical
line) is independent of the excitation. The peak energy varies
slightly for reasons we do not know.
The line shapes in the range of the two-magnon scat-
tering (2000-5000 cm−1) in A2g and B1g symmetry are
only weakly dependent on ~ωI [Fig. 6 (b) and (c)] In ei-
ther case the maximal intensity is found for the laser line
at 496 nm. The onset of the intensity in A2g symmetry
7FIG. 7. A2g + B1g (x
′y′) spectra at 100 K for various exci-
tation lines as indicated. (a) Raw data (including the cali-
bration and Bose correction). The phonons below 1500 cm−1
resonate strongly towards the lower excitation energies. The
two-magnon peak intensity is maximal for ~ωI = 2.5 eV
(496 nm). The secondary maximum close to 4600 cm−1 be-
comes monotonously weaker between 2.71 and 2.41 eV and
is out of the range of the spectrometer for ~ωI = 2.16 eV
(575 nm). (b) Normalized spectra. Close to the two-magnon
excitation the shape is nearly universal in the range of photon
energies studied here.
is independent of the laser energy indicating an intrinsic
inelastic process to set in above a gap of approximately
3000 cm−1 [Fig. 6 (b)]. Since the variation with excita-
tion energy is similar to that of the two-magnon peak in
B1g symmetry the A2g response is likely to be excited
via the same intermediate electronic states. The most
probable explanation of the A2g response is a chiral spin
excitation. The variation with excitation energy makes
it unlikely that the small peak on the high-energy side of
the B1g peak [Fig. 6 (c)] is related to the A2g response.
The shapes of the A1g and B2g spectra depend sub-
stantially on the incoming energy, and the overall intensi-
ties become monotonously stronger as opposed to those of
the A2g and B1g spectra. The phonons are strongly reso-
nant towards the green as observed earlier36. Part of the
variation in the range between 1500 and 3000 cm−1 orig-
inates most probably from resonant multi-phonon pro-
cesses. Above 3000 cm−1 luminescence seems also to have
an influence and is obviously not flat and symmetry in-
dependent.
Appendix D: Resonance behavior of the x′y′ spectra
In Fig. 7 we show the detailed resonance behavior of
the spectra measured in x′y′ configuration correspond-
ing to A2g + B1g symmetry. In the main text in Fig. 2
we show only spectra for two laser lines. Similar as in
A1g symmetry the phonons resonate towards the green
and become very strong for yellow excitation. Note that
the individual lines cannot be resolved for the large steps
between the measurement points. The two main obser-
vations being particularly clear in the normalized spectra
[Fig. 7 (b)] are (i) that the shape in the range around the
two-magnon peak is only weakly varying and (ii) that the
secondary maximum close to 4600 cm−1 fades away for
green excitation. We could not measure the entire spec-
tra with yellow light since the range of the spectrometer
is limited.
∗ Present address: Zu¨rcher Hochschule fu¨r Angewandte
Wissenschaften (ZHAW), Technikumstrasse 9, 8401 Win-
terthur, Switzerland
† Present address: MBDA, Hagenauer Forst 27, 86529
Schrobenhausen, Germany
1 S. A. Weidinger and W. Zwerger, Eur. Phys. B 88, 237
(2015).
2 D. Podolsky, A. Auerbach, and D. P. Arovas, Phys. Rev.
B 84, 174522 (2011).
3 D. Pekker and C. Varma, Ann. Rev. Cond. Mat. Phys. 6,
269 (2015).
4 P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964).
5 M. Endres, T. Fukuhara, D. Pekker, M. Cheneau,
P. Schauß, C. Gross, E. Demler, S. Kuhr, and I. Bloch,
Nature 487, 454 (2012).
6 R. Sooryakumar and M. V. Klein, Phys. Rev. Lett. 45, 660
(1980).
7 P. B. Littlewood and C. M. Varma, Phys. Rev. Lett. 47,
811 (1981).
8 T. Cea and L. Benfatto, Phys. Rev. B 90, 224515 (2014).
9 C. Ru¨egg, B. Normand, M. Matsumoto, A. Furrer, D. F.
McMorrow, K. W. Kra¨mer, H. U. Gu¨del, S. N. Gvasaliya,
H. Mutka, and M. Boehm, Phys. Rev. Lett. 100, 205701
(2008).
10 A. Perali, C. Castellani, C. Di Castro, and M. Grilli, Phys.
Rev. B 54, 16216 (1996).
11 P. A. Lee, N. Nagaosa, and X.-G. Wen, Rev. Mod. Phys.
78, 17 (2006).
12 N. Toyota, M. Lang, and J. Mu¨ller, Low-Dimensional
Molecular Metals (Springer, Berlin-Heidelberg, 2007).
13 P. W. Anderson, Science 316, 1705 (2007).
14 I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du,
Phys. Rev. Lett. 101, 057003 (2008).
15 C. Pfleiderer, Rev. Mod. Phys. 81, 1551 (2009).
16 P. J. Hirschfeld, M. M. Korshunov, and I. I. Mazin, Rep.
Prog. Phys. 74, 125508 (2011).
17 D. J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012).
18 E. Fradkin, S. A. Kivelson, and J. M. Tranquada, Rev.
Mod. Phys. 87, 457 (2015).
19 S. Lederer, Y. Schattner, E. Berg, and S. A. Kivelson,
Phys. Rev. Lett. 114, 097001 (2015).
20 S. Wakimoto, K. Yamada, J. M. Tranquada, C. D. Frost,
R. J. Birgeneau, and H. Zhang, Phys. Rev. Lett. 98,
247003 (2007).
821 W. Zwerger, Phys. Rev. Lett. 92, 027203 (2004).
22 K. B. Lyons, P. A. Fleury, J. P. Remeika, A. S. Cooper,
and T. J. Negran, Phys. Rev. B 37, 2353 (1988).
23 S. Sugai, S.-i. Shamoto, and M. Sato, Phys. Rev. B 38,
6436 (1988).
24 P. E. Sulewski, P. A. Fleury, K. B. Lyons, S.-W. Cheong,
and Z. Fisk, Phys. Rev. B 41, 225 (1990).
25 P. A. Fleury and R. Loudon, Phys. Rev. 166, 514 (1968).
26 B. S. Shastry and B. I. Shraiman, Phys. Rev. Lett. 65,
1068 (1990).
27 P. Knoll, C. Thomsen, M. Cardona, and P. Murugaraj,
Phys. Rev. B 42, 4842 (1990).
28 C. M. Canali and S. M. Girvin, Phys. Rev. B 45, 7127
(1992).
29 A. V. Chubukov and D. M. Frenkel, Phys. Rev. B 52, 9760
(1995).
30 M. Ru¨bhausen, C. T. Rieck, N. Dieckmann, K.-O. Subke,
A. Bock, and U. Merkt, Phys. Rev. B 56, 14797 (1997).
31 P. E. Sulewski, P. A. Fleury, K. B. Lyons, and S.-W.
Cheong, Phys. Rev. Lett. 67, 3864 (1991).
32 F. H. Vernay, M. J. P. Gingras, and T. P. Devereaux,
Phys. Rev. B 75, 020403 (2007).
33 H. Gretarsson, N. H. Sung, M. Ho¨ppner, B. J. Kim,
B. Keimer, and M. Le Tacon, Phys. Rev. Lett. 116, 136401
(2016).
34 K. B. Lyons, P. A. Fleury, L. F. Schneemeyer, and J. V.
Waszczak, Phys. Rev. Lett. 60, 732 (1988).
35 K. B. Lyons, P. E. Sulewski, P. A. Fleury, H. L. Carter,
A. S. Cooper, G. P. Espinosa, Z. Fisk, and S.-W. Cheong,
Phys. Rev. B 39, 9693 (1989).
36 S. Sugai, Solid State Commun. 75, 795 (1990).
37 M. Yoshida, S. Tajima, N. Koshizuka, S. Tanaka,
S. Uchida, and T. Itoh, Phys. Rev. B 46, 6505 (1992).
38 G. Blumberg, P. Abbamonte, M. V. Klein, W. C. Lee,
D. M. Ginsberg, L. L. Miller, and A. Zibold, Phys. Rev.
B 53, 11930 (1996).
39 B. Muschler, W. Prestel, L. Tassini, R. Hackl, M. Lam-
bacher, A. Erb, S. Komiya, Y. Ando, D. Peets, W. Hardy,
R. Liang, and D. Bonn, Eur. Phys. J. Special Topics 188,
131 (2010).
40 A. V. Chubukov and D. M. Frenkel, Phys. Rev. Lett. 74,
3057 (1995).
41 D. K. Morr and A. V. Chubukov, Phys. Rev. B 56, 9134
(1997).
42 W. Brenig, P. Knoll, and M. Mayer, Physica B (Amster-
dam) 237-238, 95 (1997).
43 F. C. Zhang and T. M. Rice, Phys. Rev. B 37, 3759 (1988).
44 A. Erb, E. Walker, and R. Flu¨kiger, Physica C 245, 245
(1995).
45 A. Erb, E. Walker, and R. Flu¨kiger, Physica C 258, 9
(1996).
46 C. Kendziora, M. C. Martin, J. Hartge, L. Mihaly, and
L. Forro´, Phys. Rev. B 48, 3531 (1993).
47 M. A. Kastner, R. J. Birgeneau, G. Shirane, and Y. Endoh,
Rev. Mod. Phys. 70, 897 (1998).
48 A. Gozar, S. Komiya, Y. Ando, and G. Blumberg, Mag-
netic and Charge Correlations in La2−x−yNdySrxCuO4:
Raman Scattering Study, edited by A. Narlikar (Frontiers
in Magnetic Materials, 2005) p. 755.
49 M. Opel, Eigenschaften des Elektronensystems und seiner
Wechselwirkungen in antiferromagnetischen und supralei-
tenden Kupraten: Eine Raman-Studie, Dissertation, Tech-
nische Universita¨t Mu¨nchen (2000).
50 D. Reznik, P. Bourges, H. F. Fong, L. P. Regnault,
J. Bossy, C. Vettier, D. L. Milius, I. A. Aksay, and
B. Keimer, Phys. Rev. B 53, R14741 (1996).
51 N. S. Headings, S. M. Hayden, R. Coldea, and T. G.
Perring, Phys. Rev. Lett. 105, 247001 (2010).
52 M. Ru¨bhausen, N. Dieckmann, A. Bock, and U. Merkt,
Phys. Rev. B 54, 14967 (1996).
53 W.-H. Ko, Z.-X. Liu, T.-K. Ng, and P. A. Lee, Phys. Rev.
B 81, 024414 (2010).
54 F. Michaud, F. Vernay, and F. Mila, Phys. Rev. B 84,
184424 (2011).
55 B. Moritz, S. Johnston, T. P. Devereaux, B. Muschler,
W. Prestel, R. Hackl, M. Lambacher, A. Erb, S. Komiya,
and Y. Ando, Phys. Rev. B 84, 235114 (2011).
56 C.-C. Chen, C. J. Jia, A. F. Kemper, R. R. P. Singh, and
T. P. Devereaux, Phys. Rev. Lett. 106, 067002 (2011).
57 C. J. Jia, E. A. Nowadnick, K. Wohlfeld, Y. F. Kung, C.-
C. Chen, S. Johnston, T. Tohyama, B. Moritz, and T. P.
Devereaux, Nature Commun. 5, 3314 (2014).
58 S. Bahrs, J. Guimpel, A. R. Gon˜i, B. Maiorov,
A. Fainstein, G. Nieva, and C. Thomsen, Phys. Rev. B
72, 144501 (2005).
